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A 54-amino acid peptide reproducing the first and second repeats and intervening spacer sequence of the tubulin binding motif (residues 182-235) 
of murine tau protein, and ~everal congeners representing different degrees of ~equence scrambling have been prepared by solid phase methods 
and fully characterized chemically. These double-repeat peptides have been sl~own to induce microtubule formation at concentrations abaut one 
order of magnitude lower than single.repeat controls, under conditions close to the critical concemration needed for tabalin sdf-asscmbly. On the 
other hand. partial loss of mierotubule-inducing capacity was observed for peptide5 with primary structures increasingly disorganized with respect 
to the canonical pcptide. These r~ults call into question the assumption that a high degree of primary structure specificity is involved in the 
tau-tubulin interaction leading to in vitro microtubale formation. 
Tubulin assembly; Tau sequence specificity; Solid phase peptide synthesis 
1, INTRODUCTION 
Microtubules are eukaryotic organelles involved in a 
wide variety of biological functions such as mitosis, 
motility, intracellular transport and establishment and 
nmintenance of cell shape [1]. Mierotubules are formed 
by assembly of gB-tubulin, and a number of microtu- 
bale-associated proteins (MAPs) and microtubale- 
based motors, which bind to their surface and provide 
the regulation and functionalities to these organdies. 
High molecular weight MAPs include MAPIA, 
MAPIB, MAP1C (cytoplasmic dynein) MAP2A, 
MAP2B and MAPU/MAP4; lower molecular weight 
MAPs include low molecular weight forms of" MAP2, 
and the tau factor [2,3]. 
The tau protein family consists of six isoforms gener- 
ated by alternative splicing from one gene, whicll are 
highly conserved between mammalian species, and are 
subject to phosphorylation [4,5]. Modified tau protein 
is the main part of the characteristic paired helical fila- 
ments that appear during euronal degeneration in Alz- 
heimer disease [6,7]. An important feature in the se- 
quence of tau protein is the presence of three or four 
18-residue imperfect repeats, separated by 13- or 14- 
residue linkers, which are believed to constitute a tu- 
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bulin motif [8]. The putative tubulin binding module of 
tau protein is shared by MAP2 [9] and MAPU/MAP4 
[lO, lll. 
An important problem in microtubule assembly, reg- 
ulation and function consists in understanding how 
these MAP microtubul¢ binding modules, which con- 
tain abundant basic residues, bind to the acidic tubulin 
molecules within the ordered surface lattice of the mi- 
crotubule wall, in a muitivalent inter:tction. This inter- 
action should have a large electrostatic component, al- 
though hydrophobic ontacts appear to be involved 
[12]. 
The role of the tau/MAP2 repeats has been studied 
by two different approaches, employing either geneti- 
cally engineered constructs or MAP fragments prepared 
by chemical synthesis. Transfection of cells with dele- 
tion constructs of MAP2 and tau indicated the require- 
ment of at least one repeat o bind to microtubules [13]. 
Employing tau eDNA clones from human fetal brain 
and an E. coli expression system it was shown that 
fragments containing three, two or one repeat were able 
to bind to in vitro-assembled microtubules, whereas the 
N-terminal part of the molecule did not [14]. Purified 
recombinant human tau isoforms containing lbur re- 
peats promoted microtubule assembly faster than the 
three-repeat isoforms [15]. These studies have rein- 
forced the crucial role of  MAP repeat sequences in tu- 
bulin assembly. However, the degree of sequence speci- 
ficity of these interactions has not been established, in
the second approach, synthetic peptides encompassing 
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either the second or the first repeats of tau and MAPU 
were reported to induce microtubule assembly, though 
peptide concentrations in the 0.1-0.8 x 10 -~ M range 
were required, in contrast with typical 10 -a M protein 
concentrations [15,17]. Single-repeat, relatively ineffi- 
cient peptides have been frequently employed to model 
the interactions of tau/MAP~MAPU with microtu- 
bules [12,18-21]. 
The flexibility and good chemical definition of the 
synthetic peptide approach make it, in our opinion, 
particularly well suited to the study of this type of  prob- 
lem. In this paper we report the synthesis of a more 
efficient microtubuIe inducer, a 54-residue peptide en- 
compassing the first repeat, the first linker, and the 
second repeat ofmurine brain tau, as well as a series of 
sequence variants dedgned to probe the specificity of 
the interaction, and a first characterization f their abil- 
ity to induce mierotubale assembly from purified tu- 
bulin. 
2. MATERIALS AND METHODS 
2.1 CkemWals 
Boo-protected h-amino acids were from Propeptide (V~rt-le-P~tit, 
F), Bachem Feinchemikalicn (Bubendorf, CH) or Novabio~hem 
(Laufelfingen, CH). p-Methylbenzhydrylamine resin (0.8l remove) 
was from Pcptides International (Louisville, KY), All other chemicals 
for I~ptide synthe.~is were of the highest purity available and were used 
without further purification. GTP dilithium salt was from Bo~ringer. 
Mannheirn; poly-L-lysine hydrobromide, average degree of polymeri- 
zation 50, was from Sigma; glycerol and other products ware of ann- 
lyrical grade from Merck. 
2.2. Peprlde synthesi.~" and pury~cation 
All syatheaes were performed ~tepwlse in Applied Biosystems 430A 
synthesizer-% using the standard solid phase [22] Boc protocols pro- 
vided by the manufacturer, with minor modifications. Side-chain pro- 
tections wer~ benzyl (Ser, Thr), 2-bromolmnzyioxycarbonyl (Tyr), 2- 
chlorcbenzylo:~y-earbonyl (Lye), eyeloh~xyl (Asp, Olu), 2.4-dinitro~ 
phenyl (His) and p-toluene~ulfoayl (Arc). After 54 synthetic ycles 
(Tau 2.1 described here as an e~ample), the fully protected pgpli¢l¢ 
re~in (309 me, ca. 25~/mol) was treated with 5 ml ofthiophenol/DIEA/ 
DMF (3:3:40y ~olame) (6 × l h) [23,24I. The Bog group was removed 
with trifluoroacgtic acid (40% (v/v) in dichioromethane for 1 rain; 
100q~ for 5 min; a~ain 40% for 20 rain), the resin washed with dichlo- 
rornezhane, dried and treated with I-IFtereaol (9:1 v/v} t'or I h at 0'C, 
After l'lF evaporation, the residue was extracted with anhydrous 
~ther, ~olubillr.ed in 10% acotic a~id and gel-filtered through Sephaden 
O-IO (2 × 100 era; 1 M acetic acid), to give 85 mg peptide that wa~ 
further purified by rever~¢ pha~o chromatography onoctadec~'l~itica 
(Yydac, :5 x 25 era; 15-20 ram) usin~ a 5-50% (v/v) linear gradient of 
acemnitrile in water (both with 0.05% trifluoroacetic a id), at a flow 
rate of 10 mYmln. Fractions appearin~ homogeneous by HPLC were 
poolg~t and iyophiliz~d, to giw 24 mg (4,2/Jmol; 17% overall yield) 
of highly purified matrial. No rgaidual Dnp ~roups were found in this 
material by HPLC analyse at 340 rim. Amino acid analysis (6 N HCI, 
110*C, 24 h) of the purified pcptidc gave A:m 4.97 (Sh Thr 2,09 (2), 
Ser 4.87 (5), Glx 2,9S (3). Pro 3.99 (4), GIy 9.59 (9), Val 4.59 (5), lie 
2.46 (3), Leu 4.11 (4), Tyr 0.99 (I), His 3.10 (3), Lys 8.31 (8), Arc 0.95 
0). The electro,pray mass spectrum included peak~ at m/z 567.l 
[(M-~IOHy~*], 629.9 [(M--9H)~'I ~nd 708.5 [(M+gHp*], consistent 
with the calculated maas of 5,662. Sequence d termination (Applied 
Biosy~tems 477A protein ~equeneer) cf the 34 N-terminal re.~i. 
dues ~itve PDLKNVRSKIGS(T)ENLKH(Q)(P)G(G)KVQI'VY-P..L 
(weak signals in parentheses; h~phens, no clear signal), Sequencing or
Tau la (obtained from aa aliquot of the same peptidg-re~in, alter 20 
synthetic cycles) gave: VYKPYDLS(K)VT($)--G(S)(L)G(N)I. 
2.3, Microtubule assembly with synthetic peptides 
Tubulin wa~ purified from bovine brain as described [25,26]. It was 
equilibrated by Sephadex G-25 ehromatographl¢ (0.9 x 20 em column) 
into 10 mM sodium phosphate, 6 mM MgCI,, 3.4 M glycerol, I mM 
[ethylelmbls(ozyethylenedinitrUo)]tetraaoetic acid, 0.2 mM GTP 
buffer, pH 6.5 (glycerol assembly buffer). It was centri/'uged at t2,000 
rpm in a SS34 Sorvall rotor for 20 rain at 4°C, and its concentration 
was measured speetrophotometrLealty, employing a scattering cor- 
rected extinction coefficient of 1.16 g-~. 1 .gin-: [2fil, Microtubule as- 
sembly was moaitored by tut'bidi W and electron microscopy [27]. 
3. RESULTS 
The six 54-residue peptides of Table [ and two shorter 
peptides used as controls were satisfactorily assembled 
by solid phase methods [28] using Boc chemistry on 
p-methylbenzhydrylamine resin. The 2,4-dinitrophenyl 
(DNP) [29] group was chosen for histidine protection, 
based on previous results [24]. After its thiolytic re- 
moval, peptides were released from the resin by HF 
acidolysis and purified by gel filtration and reverse 
phase liq aid chromatography to give HPLC-homogene- 
ous products, with amino-acid analyses and mass sp~.c- 
tra consistent with theory. Global synthetic yields 
(chain assembly, cleavage and purification) were in the 
15-20% range. 
The ability of the synthetic peptides to induce tubuiin 
assembly was determined by turbidimetry. The experi- 
mental curves (Fig. 1) were characteristic of c operative 
nucleated polymerization of protein [271. At 10 -~ M 
concentration, Tau 2.1 clearly induced assembly from 
10 -~ tubulin in glycerol-containing assembly buffer. 
This tubulin concentration was close to the critical con- 
centration required For self-assembly in this system, as 
shown by the large lag (nucleation) time, and marginal 
spontaneous assembly observed in the absence of pep- 
tide (tracing 3). Increasing the protein concentration 
well above the critical concentration led to spontaneous 
assembly (tracing 4). l 'he two-repent peptide Tau 2.1 
induced assembly considerably more efficiently than the 
one.repeat Tau 1 a at equal mass concentration (tracings 
1 and 2, respectively). On the other hand, upon lowering 
the Mg:* concentration from 6 to 2 mM in the same 
buffer, a condition where tubulin will not assemble at 
all below 3 × 10 -s M, Tan 2.1 (2 x 10 -4 M) was still able 
to induce assembly, at one order of magnitude below 
Tau la (ca. ').5 × 10 -4 M). The turbidity measured in 
these xperiments is simply due to the scattering of light 
by newly formed maeromoleeular aggregates in the pro- 
tein solution. It does not tell what these aggregates are 
and is only valid to qaantitate the amount of polymer 
under very restricted conditions [27], Therefore, it was 
verified by electron microscopy that the polymers in- 
duced by Tau 2.1 and Tau la were indistinguishable 
from normal inicrotubules. 
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Table I 
Amino acid sequence ofTau tubulin-binding domain andsyntltetic related peptides 
Name Amino Acid Sequence Pattern ~ Comments 
Tau . . .  PDLKN VRSI~XGST~-NLKH~PGGG N+ 1 R÷ 1S+2R+2S+3R÷C 
(I 82-272) KvQ IVYKPVDLSK %"~SKCGflL¢~IX I I I I I~  
QVEVKSEKLDEKDR I/~flI~XGSLDN ~TIIVPGGG 
NKKIE.. .  
PDLKN VRSKXGSTENLKIIQPCaC~ 
KVQIVYKPVDLSK "JTSKCGflLGNIHIIKPGGG 
Tau N+IR+IS+2R 
2.1 
Partial sequence of murine Tau in- 
eluding the repeat domain ~ 
Reference synthetic sequence 
(positions 182-235) 
Ta, VYKPVDLSK~/TflKCGSLGNIHHKPGGG IS"+2R Control (single repeat + part of 
la linker) 
Tau DLKN%rRSKXGf lT~QP~aG N+IR+IS'+2R 
2.2 KYKVDLK%rTSKeGSL~NI~I~KPC-C,~ 
Tau DLKN~flKXGSTZI~LI~IQPGGG N+IR+IS+2R' 
2.3 KVQIVYKPVDLSKVTSKCGflLGPC, GGNI~II~K 
Tau KVQIVYKPVDLSKPDLKN VR-qKZGSTENLKHQPGGG ~ ~ :.N+ I R÷2R 
2.4 VTSKCG8 LGII X Illll~ C.~-G 
Tau PDLKN PGGQZGflTENL~flKKIIQ N + l R'+ I S+2R' 
2.5 KVQIVYKPVDLSK P~G~OflLGNIVTflKIIII~ 
Tau KVQIVYKPVDLSKPDLKN pGCa~TGSTF.dI~%rI~flI~IQ I S+N÷ 1R'+2R' 
2.6 PGGGCGSLGNIVTSI~HHK 
Overall charge distribution un- 
changed; linker contracled 
Incr~adng structural disorganiza- 
tion 
Tau h~COSr.~N:I:V~fl~FL~ 2R' Control (single disorganized ra- 
I b peat) 
Sequences can be envisioned as resulting from the juxtaposition of the l'ollow~ng fragments: N, N-terminal fra~nent; I R, first repeat; 2R, second 
repeat; 3R, third repeat; IS, first spacer; 2S, second spacer; IS', shortened spacer; ! R', first repeat scrambled; 2R', second repeat scrambled; C. 
C-terminal fragment. 
bRef. [81. 
The synthetic onstructs of  altered sequence (Tau 2.2 
to 2.6) promoted ifferent patterns of  assembly in glyc- 
erol assembly buffer (Fig. 2). The turbidity observed 
:]  
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Fig. 1. Tim~ courses of reversible assembly ofpurified tubulin induced 
by synthetic peptides Tau 2.1 and Tau la in glycerol a~sembly buffer. 
monkon.~d turbidimetrieally. The different curw~ correspond to 10 -s 
M tubulin with 10 -~ M Tau 2.1 (tracing 1. same with 2 × l0 -s M Tau 
la (tracing 2, same tubulin without added p~ptide (tracing 3), and 
2 × i0 -s M ttabtalla (tracing 4). Th,~ ass~'mbiy reaction was smrte.d by 
raising the temperature from 4°C to 37°C at time 0. The arrows 
pointing downwards and upwards indicate re-cooling and re-heating 
of the samples, respectively. 
was possibly due not only to microtubules but to micro- 
tubule bundles frequently observed under the electron 
microscope (not shown). Microtubules were apparently 
more abundant with the Tau 2.1 and Tau 2.2 peptides 
than with the other, increasingly disorganized se- 
quences. In the case of  these sequences, a substantial 
part o f  the turbidity could be also due to the formation 
of disordered aggregates, which cannot I~ properly 
quantified by electron microscopy (see below). The time 
courses of several thermally-induced reversible polym- 
erizations (Fig. 1) allowed a qualitative stimation of  
the assembly-inducing abilities of  the six double-repeat 
peptides. Thus, the low initial turbidity and the degree 
of cold reversibility shown by Tau 2. l, Tau 2.2 and, to 
a lesser extent, Tau 2.5 seems to suggest specific tubulin 
assembly by these peptides. On the other hand, the high 
initial turbidity observed for peptides Tan 2.4, 2.6, and 
2.3, and their poor cold reversibility are suggestive of  
non-specific tubulin precipitation. Actually, at 5 × 10 -6 
M tubulin, the turbidity induced by 10 -5 M Tau 2.3 was 
roughly twice larger than that induced by Tau 2.1 or 
Tau 2.2, but disordered aggregates were evident under 
the electron microscope (not shown). This non-specific 
effect hampered any attempt o quantitate the relative 
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microtubule assembly-inducing activity of each peptide. 
Polymers induced by poly-lysine were nearly tempera- 
ture-intensive, and their morphology appeared to be 
similar to polycation-induced polymers previously de- 
scribed [30]. 
The tubulin superstructures induced by Tau 2.1 were 
shown to be mierotubules and tubulin rings by electron 
microscopy. However, even peptide sequences widely 
diverging from the canonical Tau 2.1 were able to pro- 
mote to a certain extent he formation of apparently 
indistinguishable microtubules and rings, in clear con- 
trast with poly-lysine-induced morphologies (Fig. 2, 
panels B and C). 
4. DISCUSSION 
Currently accepted views about the tau-microtubule 
interaction have indicated its cooperative and highly 
specific character [13-15], and implied that the size of 
the spacer sequences could be critical for effective in- 
duction of assembly. The purpose of this work was to 
test the first of these assumptions by comparing the in 
vitro tubulin assembling ability of a synthetic peptide 
reproducing the first and second repeats oftau (Tau 2.1) 
vs. that of a single repeat peptide (Tau la). Secondly, 
we wished to examine the specificity of such induction 
at the level of primary structure. Since it is known that 
practically any polyeation may induce the association 
of tubulin by preferential binding to the aggregated 
form of this acidic protein [31], we synthesized a series 
ofpeptides with increasing structural deterioration rela- 
tive to Tau 2.1 (Table I). Peptides Tau 2.2 and 2.4 were 
primarily designed to examine the role of spacer size. 
Thus, Tau 2.2 has a 6-amino acid first spacer, about half 
as long as the original one. As tau-tubulin interaction 
is thought to be mainly electrostatic, harged amino 
acids (Lys, Asp) were preserved, together with some 
arbitrarily chosen non-polar esidues. In designing Tau 
2.4, it was decided to remove ntirely the spacer egion 
between the repeats, and place it at the N-terminus. The 
high conservation of repetitive sequences in MAPs 
seemed to suggest an important functional role for such 
repeats. This hypothesis was tested by means of pep- 
tides Tau 2.3, where the N1HHK and PGGG sequence 
blocks of the second repea~ were shifted, and Tau 2.5, 
where more substantial scrambling of both first and 
second repeats took place. Our final attempt at se- 
quence degradation was peptide Tau 2.6, bearing little 
resemblance ( xcept for size and amino acid content) to 
the original Tau 2.1; the spacer is found at the N-termi- 
nus (as in Tau 2.4), and both repeats are highly scram- 
bled (as in Tau 2.5). 
Oar experimental results with synthetic peptides con- 
firmed previous reports [!3-! 5,32,33] on the first of the 
above assumptions, amely the multivalent character of 
tau-tubulin interaction. The higher assembly-promot- 
ing ability of two-repeat vs. one-repeat peptides (Fig. 1) 
clearly indicates the multivalent nature of the interac- 
tion of the tau repeat sequences with the tubulin mole- 
cules in the microtubule wall lattice. 
On the other hand, our present data do cast some 
doubt upon the validity of the other two assumptions. 
Thus, the fact that peptides uch as Tau 2.3, Tau 2.5 or 
Tau 2.6, only remotely resembling the original tau tu- 
bulin binding domain, can promote microtubule forma- 
tion to a significant degree (Fig. 2), seems to call for a 
reconsideration of' the concept of specific tau-tubulin 
recognition. In a similar way, the observation that pep- 
tides Tau 2.2 and Tau 2.4, with no spacer sequence 
between the first and second repeats, are still capable of 
inducing low albeit significant levels of microtubule for- 
mation, puts into question the supposedly critical role 
of such spacer sequences and favors a flexible interac- 
tion, in agreement with recently reported results with 
genetically engineered tau fragments [33]. Our results 
provided only a qualitative gradation of the microtu- 
bule-inducing abilities of  the peptides. Since microtu- 
bules could be observed by electron microscopy in all 
cases (except with poly-lysine), the d gree of specificity 
of each sequence cannot be conclusively established ex- 
cept by more detailed, quantitative studies. Current 
work at our laboratories i directed to determine the 
, A 1 
O.a! 
I 
o.o[ t 
rIME (MINUTES} 
Fig. 2. (A) Turbidity time courses of tubulin assembly induced by Tau 
2.1 in comparison with other synthetic onstructs of altered primary 
structure. Tubulin and peptide concentration were 10 -s M each. in 
glycerol assembly buffer. Tracings 1-6 co rrespoiad to peptides Ta u 2, l, 
2.2, 2.3, 2,4, 2,5 and 2.6, respectively. Tracing 7 was obtained with 
poly-L-lysine of an average chain length of 50 residues (this absorb- 
ance recording is offset by -0.3). Samples were warmed fi'om 4°C to 
37°C at time 0, and re.cooled at the times indicated by the downward- 
pointing arrows. (B) Characteristic electron mierograph of the micro- 
tubules and rings induced by two-repeat tau synthetic peptides. Con- 
ditions are as in panel (A), and the actual sample shown corresponds 
to peptide Tau 2.6, i.e., the more disorganized sequence. The bar 
indicates 100 nm. The apparent external diameter of the partially 
flattened microtubules in the specimen is approximately 29-36 rim. 
The diameter of the middle ring of the triple rings, or tlae outer ring 
of the double rings, is about 50 nm. (C) Double-wall polymers induced 
by poly-lysine. The outer diameter of these structures i5 ca. 55 nm. 
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relative binding affinities o f  the six double-repeat pep- 
tides, as well as their abi l ity to displace MAPs  f rom 
assembled microtubules,  
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